Background {#Sec1}
==========

Male fertility is of interest to and concerns two distinct fields: clinical medicine, which aims at identifying and treating subfertility, and livestock breeding, which relies on optimal fertility rates for efficient production. Male fertility indicators, such as sperm susceptibility to DNA fragmentation, sperm morphology, or testicular size, are used in a clinical context and, also, to evaluate the breeding capacity of livestock species \[[@CR1]--[@CR3]\]. Fertility indicators are often heritable and represent complex phenotypes that are controlled by multiple genes \[[@CR4], [@CR5]\]. In our study, we used 25 phenotypes as indicators of bull fertility in genome-wide association studies (GWAS) that were performed in two breeds. These 25 phenotypes were categorized into four groups: traditional semen quality assessment (including sperm morphology, concentration, and motility), the level of inhibin hormone and scrotal circumference (SC), sperm chromatin susceptibility to fragmentation, and sperm protamine deficiency. Together, these phenotypes offer a comprehensive dataset to investigate the underlying genetics of bull fertility.

The first group of phenotypes represents standard measurements in evaluations of bull-breeding soundness, including sperm morphological abnormalities. Indeed, sperm morphology, concentration, and motility are routinely measured \[[@CR6]\], and visual scores of colour, density, and sperm mass activity are also used in the field to provide initial clues of semen concentration and sperm motility. Visual scores are subjective and influenced by human error, as are the count of sperm morphological defects and sperm concentration using microscopy, but to a lesser extent. Morphology evaluation categorizes sperm morphological abnormalities in subcategories such as head (HA), midpiece (MA) and tail abnormalities (TA). A common abnormality in the bovine sperm is the retention of cytoplasmic droplets that can be proximal or distal to the midpiece. Within this first group of routine phenotypes, the percentage of sperm with normal morphology is considered the best indicator of bull fertility \[[@CR3], [@CR7]\].

The second group of phenotypes consists of measurements of inhibin hormone levels and of SC. Levels of inhibin at 4 months of age and SC, which is measured between 12 and 24 months of age, are indicators of pubertal development \[[@CR8], [@CR9]\]. Puberty affects semen quality and eventually leads to sexual maturity \[[@CR10]\]. Veterinarians and researchers often use phenotypes of the first and second group to determine if a bull is mature in terms of fertility \[[@CR10]\]. Previous GWAS focussed only on these two first groups of phenotypes \[[@CR4], [@CR5]\].

The third and fourth groups of phenotypes correspond to measurements that are associated with the chromatin structure of sperm nuclei. Two flow cytometric methods---the sperm chromatin structure assay (SCSA) \[[@CR1]\], and the sperm protamine deficiency assay (SPDA) \[[@CR11]\]---measure these clinically relevant phenotypes by evaluating thousands of spermatozoa. SCSA measures sperm chromatin susceptibility to fragmentation as an index, known as the DNA fragmentation index (DFI). This index has been associated with lower fertility and miscarriages in humans \[[@CR2], [@CR12]\], smaller litter size in pigs \[[@CR13]\], and reduced success of artificial insemination in bulls \[[@CR14]\]. Higher DFI values result in embryonic development failure \[[@CR15]\]. The clinical value of SCSA is evident, but the cause for increased DFI (genetic or otherwise) is largely unknown and likely multifactorial \[[@CR16], [@CR17]\]. The proposed causes of increased DFI include environment stressors, genetics, compromised spermatogenesis, or inappropriate sperm chromatin structure, which could be due to a deficiency in protamine \[[@CR18], [@CR19]\]. Protamines replace histones during spermatogenesis and are required to form and stabilize the highly condensed structure of sperm chromatin \[[@CR20]--[@CR22]\]. Sperm chromatin susceptibility to fragmentation is associated with protamine deficiency in both bulls and humans \[[@CR11], [@CR23]\]. In this study, we take a further step and investigate the genomic regions associated with both sperm chromatin fragmentation and sperm protamine deficiency, their heritability and the genetic correlation between these phenotypes.

SCSA simultaneously determines DFI and the percentage of sperm with high DNA stainability (HDS). Whereas DFI is related to DNA breaks (single-strain DNA), HDS may be related to the retention of nuclear histones, which is consistent with immature spermatozoa \[[@CR16], [@CR24]\]. Genome-wide histone retention in spermatozoa may be a sign of immaturity, but it is hypothesized that specific retention of some histones is highly important shortly after fertilization. Histone retention creates the possibility of paternal gene expression, correlates with developmental regulators, and contributes to early embryonic development in humans \[[@CR25], [@CR26]\]. Hence, in our study, we investigated the inheritance of sperm chromatin phenotypes (such as DFI, HDS, and protamine deficiency) as a proxy for histone-retention inheritance, which is poorly understood in bulls. Furthermore, sperm chromatin phenotypes are related to paternal epigenetic markers, such as posttranslational modifications of retained histones in humans \[[@CR27]\]. Immature spermatozoa, with retained histones, may also present a higher proportion of proximal cytoplasmic droplets, the common morphological defect \[[@CR28], [@CR29]\]. Proximal cytoplasmic droplets are considered an indicator of sperm immaturity in bulls and have been shown to be associated with sperm DNA fragmentation \[[@CR29]\]. Droplets with cytoplasmic content may increase the generation of reactive oxygen species, and this contributes to sperm DNA fragmentation \[[@CR30]\]. Phenotypic correlations between an increased percentage of sperm with proximal cytoplasmic droplets and DFI have been reported in both humans and bulls \[[@CR29], [@CR31], [@CR32]\]. Here, we investigate the genetic correlations between these phenotypes.

After performing a GWAS for each phenotype in each breed, we applied a QTL detection method adapted from van den Berg et al. \[[@CR33]\], which is based on the relative significance of neighbouring single nucleotide polymorphisms (SNPs). In short, our objectives were to estimate the heritability of bull-fertility phenotypes, their genetic correlations, and identify QTL.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Institutional Animal Care and Use Committee approval was not required for this study because the data and samples used were obtained from existing databases and storage banks. Animals were bred by the Cooperative Research Centre for Beef Genetic Technologies (Beef CRC), and details on these populations were published prior to this study \[[@CR34]\]. In brief, 1099 Brahman bulls and 1719 Tropical Composites were used, but the exact number of records for each trait varied (see Table [1](#Tab1){ref-type="table"}). Brahman are animals that are mostly of *Bos indicus* origin, while Tropical Composites are cattle that originate from planned crossbreeding between *Bos indicus* and *Bos taurus* breeds. The genomic evidence for the breed composition of these Australian cattle was discussed in previous studies \[[@CR35], [@CR36]\]. Breed composition can affect GWAS and so we favour within-breed analyses.Table 1Male fertility phenotypes: brief description and summary of genome-wide association resultsPhenotypesBrief descriptionBrahmanTropical CompositesNMeanSDP \< 10^−8^h^2^ (SE)NMeanSDP \< 10^−8^h^2^ (SE)Group 1 PNS% normal sperm10230.700.221660.35 (0.07)16480.720.1940.29 (0.05) PD% sperm with proximal droplets10230.070.1500.35 (0.07)16480.040.0715930.21 (0.04) DD% sperm with distal droplets10230.030.0510.10 (0.05)16480.030.0500.13 (0.04) TD% sperm with droplets (total)10230.100.1600.33 (0.07)16480.070.095910.18 (0.04) HA% sperm with head abnormalities10230.090.118210.27 (0.06)16480.100.1400.30 (0.05) MA% sperm with midpiece abnormalities10230.100.114870.07 (0.05)16480.100.1000.21 (0.05) TA% sperm with abnormal tail10230.000.0100.00 (0.03)16480.000.0100.00 (0.02) COLColour, visual score 1--510993.180.9500.09 (0.05)17193.380.9400.05 (0.03) MOT% progressive sperm motility109969.2923.6100.00 (0.04)171972.0922.1500.13 (0.04) MASMass activity, visual score 1--510992.591.0900.09 (0.05)17192.810.9800.12 (0.04) CONSperm concentration, ×10^6^/ml592266.11287.4100.03 (0.06)538237.18238.2300.04 (0.07) DENDensity, visual score 1--51,0983.070.9000.13 (0.06)17163.210.8400.08 (0.03)Group 2 InhibinBlood levels of inhibin at 4 months, (ng/ml)8067.411.89380.63 (0.08)13297.761.8810.56 (0.06) SC12SC at 12 months, cm109821.402.4130.57 (0.06)171725.863.1500.65 (0.04) SC18SC at 18 months, cm109826.702.7100.61 (0.06)171929.822.8220.67 (0.04) SC24SC at 24 months, cm109829.892.8610.63 (0.06)171931.422.80490.70 (0.04)Group 3 PIC3Sperm with intact chromatin in FL3, %58589.858.7100.12 (0.08)51189.276.8900.16 (0.09) DFI3DNA fragmentation index in FL3, %5853.774.2350.10 (0.07)5114.474.7300.21 (0.10) HDS3High DNA stainability in FL3, %5856.386.7600.05 (0.07)5116.273.9600.20 (0.11) PIC4Sperm with intact chromatin in FL4, %58586.9510.2600.17 (0.08)51185.3211.2800.17 (0.09) DFI4DNA fragmentation index in FL4, %5856.417.1380.15 (0.09)5118.3810.3800.15 (0.09) HDS4High DNA stainability in FL4, %5856.647.2300.04 (0.07)5116.293.9400.20 (0.11)Group 4 LCBLow CMA3 binding (intact protamination), %59284.5014.7800.22 (0.09)53887.9711.2700.13 (0.08) MCBMedium CMA3 binding (medium protamination), %59214.8614.42110.17 (0.08)5381211.2500.13 (0.09) HCBHigh CMA3 binding (protamine deficiency), %5925.9910.6800.01 (0.06)5385.446.0600.07 (0.08)N, number of SNPs associated (P \< 10^−8^); Mean, mean phenotypes; SD, standard deviation of mean phenotypes; h^2^, SNP-derived heritability; SE, standard error of h^2^

The number of records were smaller for sperm chromatin phenotypes: at most, 592 for Brahman and 538 for Tropical Composites. Sample size clearly influences the power of any GWAS and we calculated the power for each analysis by using the online tool developed by Visscher and his team \[[@CR37]\]. Their method uses the estimated heritability, the sample size and the empirical variance of the genetic relationships estimated in the genomic relationship matrix (GRM) to estimate the power of GWAS. It should be noted that this method for estimating power was developed for large populations of unrelated individuals i.e. humans, which are different from our cattle populations that include a large number of half-siblings. Estimated power values for each phenotype in each breed are in Additional file [1](#MOESM1){ref-type="media"}: Table S1. For some traits with lower heritability and/or smaller sample sizes, the analyses of power indicate that larger datasets will be needed to identify/confirm QTL for these traits.

Phenotypes {#Sec4}
----------

Classic indicators of bull fertility used as phenotypes are traits derived from sperm morphology assessments of 100 sperm cells under light microscopy (i.e., all sperm morphological abnormalities), SC measured in cm with a standard measuring tape, and the level of the inhibin serum hormone measured at 4 months, as described in the initial Beef CRC project design \[[@CR34]\]. We also added two assays that measure sperm chromatin phenotypes: the sperm protamine deficiency assay (SPDA) and the sperm chromatin structure assay (SCSA).

### Sperm protamine deficiency assay {#Sec5}

The percentages of sperm cells with high-, medium-, and low-protamine content (HPC, MPC and LPC, respectively) were estimated using the SPDA methodology described in previous studies \[[@CR11], [@CR29], [@CR32]\]. Briefly, sperm protamine was assessed using a fluorochrome that competes for protamine-binding sites at the minor groove of a DNA strand \[[@CR38], [@CR39]\]. Thawed sperm samples were analysed using the Beckman Coulter Gallios flow cytometer, and the Kaluza software (version 1.1) was used to generate the phenotypes for genetic analyses (see Additional file [2](#MOESM2){ref-type="media"}).

### Sperm chromatin structure assay {#Sec6}

Samples thawed for SPDA were also used for SCSA, which measured three related phenotypes: percentage of sperm with intact chromatin (PIC), DFI, and HDS. SCSA was conducted according to the protocol described by Evenson and Jost \[[@CR40]\], which uses the metachromatic properties of acridine orange to assess DNA fragmentation. For every six-test samples, a reference sample was analysed to ensure stability of the instrument using the same flow cytometer and analysis software equipment as described above (see Additional file [2](#MOESM2){ref-type="media"}). Two values for PIC, i.e. DFI and HDS were determined using FL3 and FL4 fluorescence, which resulted in two phenotypes for each measurement of sperm chromatin staining \[[@CR29], [@CR32]\].

Genotypes and imputation {#Sec7}
------------------------

The Illumina *AB* format was used for genotype calling and then genotypes were coded as 0, 1 or 2 with reference to the number of *B* alleles carried by each animal, at each locus. Genotyping was done with a medium-density chip (54,000 SNPs) for most of the bulls with fertility phenotypes, as reported in the initial GWAS \[[@CR4], [@CR5]\]. In addition, 999 bulls from the same populations were genotyped in the current study to expand the GWAS to the sperm chromatin phenotypes. These additional genotypes were acquired with the GeneSeek Genomic Profiler chip (also Illumina Infinium chemistry), which features approximately 78,000 SNPs. Duplicated samples were included in both chip assays for quality control. Animals with a call rate lower than 90% were discarded. The SNPs that mapped to more than one position on the genome or had a call rate lower than 90% were discarded. For some SNPs, we observed bulls that were homozygous *AA* and bulls that were homozygous *BB*, but no *AB* heterozygous bull was observed, and so we discarded these SNPs (as these observations point to a possible genotyping error) (except for SNPs on chromosome X). The genotyping results for the "50 K" chip were reported in the initial GWAS, in which 50,353 and 48,821 SNPs passed control quality in Brahman \[[@CR4]\] and Tropical Composites \[[@CR5]\], respectively. After genotyping with the "70 K" chip, 68,406 SNPs were available after quality control for 999 bulls.

A panel of 1174 cattle were genotyped with the BovineHD Illumina chip (\~ 770,000 SNPs) and used as a reference for imputation of lower density genotypes ("50 K" and "70 K") up to a higher density. The reference panel included the sires of most of the animals that were genotyped with the lower density panels, some of the dams and additional randomly selected *Bos indicus* and composite cattle of five breeds (Brahman n = 519, Belmont Red n = 97, Droughtmaster n = 45, Santa Gertrudis n = 168, and Tropical Composite n = 351). This panel of breeds was part of a larger experiment with 10,181 animals, which allows for accurate imputation of tropical cattle as described before \[[@CR41]\]. For this study, we remapped all the original SNP genotypes to the new bovine reference genome (ARS_UCD1.2, GenBank assembly accession GCA_002263795.2) \[[@CR42]\], before performing a new imputation.

Before imputation, all SNP genotypes were phased using the Eagle software \[[@CR43]\] to complete the sporadic missing genotypes in the high-density reference panel and not the missing genotypes in the lower-density datasets. Then, the lower-density genotypes were imputed using Minimac3 for all autosomes \[[@CR44]\] and Minimac4 for chromosome X. Chromosome X was imputed after separation of the pseudoautosomal and non-pseudoautosomal regions, based on a recent definition of the boundaries between these regions \[[@CR45]\]. After imputation, SNPs with an imputation accuracy r^2^ higher than 0.8 were retained, resulting in a final dataset of 722,208 SNPs with genotypes available for the studied bulls, in both breeds.

Genomic relationship matrix (GRM) {#Sec8}
---------------------------------

To perform the GWAS, we built a GRM for each breed using all the SNPs that had a MAF higher than 0.05 (within-breed). Each GRM was built using the first method proposed by VanRaden \[[@CR46]\]. We used all the default parameters in the SNP & Variation Suite (SVS) software (release 8.3.0, Golden Helix), including the overall normalization method, as described by Taylor \[[@CR47]\]. The GRM was corrected for sex using the full dosage compensation method. The estimated relationships for both breeds (the GRM off-diagonal elements) had a variance of \~ 0.002 (see Additional file [2](#MOESM2){ref-type="media"}). These relationships estimated from genotypes conform with the expectations of having measured the progeny of 55 Brahman sires and 56 Tropical Composite sires \[[@CR48]\]. We used these precomputed GRM to fit the random polygenic effect in all our models.

Genome-wide association studies {#Sec9}
-------------------------------

After the GRM was computed, SNPs with a low MAF (lower than 0.05) were included again in the single-SNP association tests, to accommodate breed differences and to facilitate GWAS comparisons. MAF were reported within-breed together with the association results (see Additional files [3](#MOESM3){ref-type="media"}, [4](#MOESM4){ref-type="media"}: Tables S2, S3) to provide an informed interpretation of the reported SNP effects.

GWAS were performed by using an additive mixed model to compute single-trait-single-SNP associations. All available 722,208 SNPs were tested individually for each phenotype, in each breed. Within-breed GWAS allowed the detection of breed-specific QTL, which were expected for these populations \[[@CR4], [@CR5]\] (see Additional file [2](#MOESM2){ref-type="media"}, and Additional file [5](#MOESM5){ref-type="media"}: Figures S1 to S11). The GWAS models used the precomputed GRM, contemporary groups as fixed effects and age as a covariant. The effects of contemporary groups and age for the measured traits had been examined in previous studies \[[@CR4], [@CR5], [@CR49]--[@CR51]\]. Contemporary groups were defined as cohorts of bulls that were born in the same year and raised together in the same location. SNP additive effects for each trait were calculated by fitting these mixed models in the SVS software (release 8.3.0, Golden Helix).

The precomputed GRM (including autosomes and X-linked SNPs) was also used to estimate genetic correlations and heritability for the studied phenotypes, within-breed. SNP-derived heritabilities and their standard errors were estimated by fitting the above-mentioned mixed models in the SVS software (release 8.3.0, Golden Helix). Genetic correlations were estimated by fitting bivariate genomic mixed models using the Qxpak5 software \[[@CR52]\]. Fixed effects and age were included in the models, as described above.

The significant SNPs reported for each trait followed the thresholds that we defined: a P-value lower than 10^−8^ and a MAF higher than 0.05 (within breed), which is a conservative Bonferroni correction, because it considered all SNPs as independent tests (P = 6.8 × 10^−8^ equivalent to P = 0.05 when considering all the tested SNPs).

Boundaries of quantitative trait loci {#Sec10}
-------------------------------------

Given the large number of significant SNPs present in the large genomic regions, especially on the X chromosome, it was important to identify QTL boundaries by applying a methodology adapted from van den Berg et al. \[[@CR33]\]. First, we identified each QTL peak by ranking the SNPs according to their P-values (lower to higher). Only SNPs with a P lower than 10^−8^ were considered as peak SNPs and used to define QTL boundaries. After selecting the most significant SNP on each chromosome, we tested the other significant SNPs within 0.5 Mb on either side of the peak SNP to determine if they fitted the following criteria: --log10 (P) ≥ -log10 (Ppeak) × 2/3. When a SNP did fit the criteria, it was considered as part of the same QTL. The borders of each QTL were expanded iteratively (one 0.5-Mb window at a time) until no more SNPs satisfied the condition of − log10 (P) ≥ − log10 (P~peak~) × 2/3. When no further SNPs fitted the criteria, the next QTL started in a region 0.5 Mb away from the previous QTL. In the case of a new QTL, a new peak was set until there were no SNPs with a P value lower than 10^−8^ to call new peaks. As an additional condition, a minimum of five SNPs was required to define a QTL. If there were less than five SNPs, the QTL was not reported, as in van den Berg's work \[[@CR33]\].

Results {#Sec11}
=======

Heritability and genetic correlations {#Sec12}
-------------------------------------

In this study, we targeted 25 phenotypes that were measured as indicators of bull fertility. The SNP-derived heritability of phenotypes ranged from very low (i.e., 0.00 for tail abnormalities) to high (i.e., 0.56 to 0.70 for SC measurements, see Table [1](#Tab1){ref-type="table"}). Sperm chromatin fragmentation and sperm protamine deficiency had heritability estimates that ranged from 0.10 to 0.22, which is similar to that of many fertility traits. We also report the standard errors for these SNP-derived heritabilities, which ranged from 0.02 to 0.11. A word of caution is needed regarding some traits for which the number of available animals was smaller, such as sperm chromatin phenotypes (\~ 500 bulls). For traits with low heritability estimates and a smaller number of animals, the power to detect the genetic variance explained by all SNPs was limited in our study. However, for many traits, we were still able to estimate with confidence their genetic variance (see Additional file [1](#MOESM1){ref-type="media"}: Table S1), which is probably due to large half siblings families being recorded \[[@CR5], [@CR48]\]. The methods used to calculate power estimates were developed for human populations with unrelated individuals \[[@CR37]\]. We decided to set a stricter value (α = 0.001) then the default value (α = 0.05) for type one error in these calculations, because it is the first time that these methods are applied to livestock data.

Given the size of the samples and power considerations, in this paper, we report only the most significant SNP associations based on a strict Bonferroni correction (see Table [1](#Tab1){ref-type="table"}). In addition, we present only the QTL that had at least five significant SNP associations for a given trait (see Table [2](#Tab2){ref-type="table"}).Table 2Boundaries of the identified QTL for bull fertility phenotypesTraitChr.StartEndPeak positionP-valueMAF of peak SNPNearest geneQTL in Brahman PNSX45,230,87049,785,42445,230,8704 × 10^−10^0.12*DIAPH2* HAX47,584,97752,590,60849,961,9987 × 10^−15^0.10*GPRASP1* MAX4,072,2687,370,2414,929,5921 × 10^−17^0.17*ATP1B4* Inhibin2107,523,103107,631,932107,558,8484 × 10^−18^0.22*SLC4A3* DFI31198,399,84798,412,31498,412,3142 × 10^−10^0.06*TOR2A*QTL in tropical composites PDX1,380,4548,539,2464,280,4292 × 10^−20^0.09*NFKB*X29,691,39438,007,51033,595,9247 × 10^−13^0.13*MAMLD1*X45,016,20347,360,18945,984,9092 × 10^−12^0.17*DIAPH2*X55,280,92055,317,35155,297,8572 × 10^−10^0.15*RNF128* TDX1,380,4548,539,2465,091,2532 × 10^−18^0.13*CUL4B*X40,278,18041,069,10240,509,0462 × 10^−9^0.17*PCDH11X* SC245 45,743,02349,417,084 48,275,5548 × 10^−14^0.24*MSRB3*QTL, quantitative trait loci identified for each phenotype, see Table [1](#Tab1){ref-type="table"} for phenotype description; Chr, chromosome to which the QTL maps; Start, position (bp) on the chromosome where the QTL starts; End, position (bp) on the chromosome where the QTL ends; Peak position, position (bp) on the chromosome where the peak SNP is localized; peak SNP is the marker with the most significant association in terms of P-value for each QTL; the nearest gene is reported based on the peak SNP position; MAF, minor allele frequency for the SNP at the peak position, in the breed that is relevant to the QTL

The estimated genetic correlations across the 25 phenotypes followed our expectations, given the current knowledge on these traits, and are presented in Fig. [1](#Fig1){ref-type="fig"} and also (see Additional file [5](#MOESM5){ref-type="media"}: Figure S1). As expected, the correlations between common morphological sperm abnormalities and the percentage of normal sperm (PNS) were negative. Positive correlations between colour, motility, mass activity, concentration, and density were observed. The three SC measurements were highly correlated for both breeds, as were the indicators of sperm chromatin configuration with each other. Such correlations were expected because all the sperm chromatin phenotypes were derived by using the same method. Similarly, sperm protamine phenotypes were highly correlated in the expected directions. Sperm protamine deficiency was correlated with sperm DNA fragmentation. Proximal cytoplasmic droplets were correlated with HDS3 and HDS4 in Tropical Composites, but not in Brahman. The observed genetic correlations agree with the grouping of phenotypes as shown in Table [1](#Tab1){ref-type="table"}.Fig. 1Genetic correlations for 25 bull fertility phenotypes in Brahman (above the diagonal) and Tropical Composites (below the diagonal). Negative genetic correlations are in red and positive correlations are in blue. Larger squares indicate more extreme correlations (closer to 1 or − 1); (see Additional file [5](#MOESM5){ref-type="media"}: Figure S1) for the numerical values corresponding to each estimated pairwise correlation

Genome-wide association studies within each breed for each phenotype {#Sec13}
--------------------------------------------------------------------

The GWAS were performed by fitting an animal model with full dosage compensation for SNPs on the X chromosome. Each SNP was tested for their additive effect on each trait, within breed. Across-breed GWAS can leave undetected results that are significant when analysing breeds separately, as observed for sperm mid-piece abnormalities (Fig. [2](#Fig2){ref-type="fig"}). Thus, our study focused on within-breed analyses to avoid such issues.Fig. 2Genome-wide association studies performed in Brahman only (top), in both breeds together (middle) and in Tropical Composites only (bottom) for sperm mid-piece morphological abnormalities (MA). Significant SNP associations for the percentage of sperm with MA were identified only in Brahman. The significance of the associations decreased when the two breeds were analysed together (fitting breed as a fixed effect in the model). We focused on within-breed GWAS to be able to identify associations, and QTL that are breed-specific

Among the significant SNPs for each breed, most of them mapped to chromosome X. The remaining significant SNPs identified for the Brahman breed mapped to either chromosome 11 or chromosome 2. In Tropical Composites, apart from the associations on the X chromosome, some significant SNPs for scrotal circumference mapped to chromosome 5. The complete GWAS results with MAF, P-values, allele substitution effects (ASE), their standard errors (SE) and the percentage of the genetic variance explained per SNP are in Table S2 for Brahman and Table S3 for Tropical Composites (see Additional files [3](#MOESM3){ref-type="media"}, [4](#MOESM4){ref-type="media"}: Tables S2, S3).

Boundaries of the quantitative trait loci {#Sec14}
-----------------------------------------

The proposed QTL are summarized in Table [2](#Tab2){ref-type="table"}. The associations that were detected on chromosome 2 for inhibin level and chromosome 11 for DFI3 in Brahman and chromosome 5 for SC24 in Tropical Composites suggest QTL that span a "narrow" interval, when compared to some "broad" QTL identified on the X chromosome for sperm morphology traits. Evidence for QTL in both breeds was found only on the X chromosome, see Fig. [3](#Fig3){ref-type="fig"}.Fig. 3Association results on the X chromosome of Brahman (left) and Tropical Composite bulls (right). Each coloured region represents a QTL, defined by at least five SNPs associated (P \< 10^−8^) with each phenotype. Phenotype abbreviations are provided next to each QTL (phenotypes and abbreviations, as described in Table [1](#Tab1){ref-type="table"}). The X chromosome harboured QTL in both breeds; some QTL overlap. The pseudo-autosomal region boundary (PAB) is marked on the chromosome to show that all reported QTL were localized before the boundary, in the non-autosomal region

The boundaries of each reported QTL are informative for the identification of genomic regions that may be pleiotropic (Table [2](#Tab2){ref-type="table"}). For example, QTL for PNS overlapped with QTL for HA in Brahman and PD in Tropical Composites. Some QTL identified on the X chromosome span a few Mb. As a step towards the fine-mapping of these QTL regions, it is possible to focus first on the regions that are shared across breeds and traits. Considering both breeds, we suggest two consensus regions for sperm morphological abnormalities. The first consensus region starts at 4,072,268 bp and ends at 7,370,241 bp, as the boundaries for the Brahman QTL for MA are within the larger QTL for PD and TD in Tropical Composites. These QTL regions encompass many genes. The second consensus region is an overlapping region between the Brahman QTL for PNS and a QTL for PD in Tropical Composites; it starts at 45,230,870 bp and ends at 47,360,189 bp.

In Brahman, all significant SNPs (P \< 10^−8^) that mapped to chromosome 2 were associated with inhibin levels. Suggestive SNP associations clustered on chromosomes 2, 3 and 5 for inhibin levels in Tropical Composites (P \< 10^−7^) (see Additional file [5](#MOESM5){ref-type="media"}).

In Brahman, the associations on chromosome 11 suggest a QTL that is relevant for sperm chromatin fragmentation at 98.4 Mb. In this region, BovineHD1100028635 is the most significant SNP associated with DFI3 in Brahman (P \< 10^−8^) and the nearest gene is *TORA2*. We used non-additive models to verify if any recessive or dominant effects were present for SNPs in all QTL identified. The only instance when the non-additive models could better capture SNP associations was for chromosome 11 and the DFI3 phenotype in Brahman. The recessive model for DFI3, resulted in extreme SNP associations (P = 3.38 × 10^−30^), compared to the result with the dominant (P = 2.74 × 10^−10^) and the additive models (P = 2.46 × 10^−10^). Thus, recessive inheritance may be considered when searching for the causal variant that underlies DFI3 variance in Brahman.

SNP *rs452801659* (X:79,745,560) was previously genotyped as part of a study on the candidate gene *TEX11*, and was found to be associated with scrotal circumference traits in a sub-set of our bull populations \[[@CR53]\]. Thus, although this SNP is not included in any of the QTL defined here, we tested its association with the new traits under investigation (i.e. the sperm chromatin traits measured by SCSA and SPDA). In Brahman, *rs452801659* was not associated with sperm chromatin fragmentation, but suggestive associations were detected with sperm protamine deficiency traits: LCB (P = 1.29 × 10^−5^), MCB (P = 3.26 × 10^−6^), and HCB (P = 1.58 × 10^−4^). In Tropical Composites, no associations were observed between *rs452801659* and the new sperm chromatin or protamine traits. We confirmed the already known association between this SNP and scrotal circumference with the following results: P = 2.00 × 10^−6^ (SC12), P = 8.65 × 10^−7^ (SC18), and P = 1.70 × 10^−6^ (SC24) for Tropical Composites, and P = 1.20 × 10^−3^ (SC12), P = 6.64 × 10^−6^ (SC18), and P = 2.30 × 10^−5^ (SC24) for Brahman. These SNP associations indicate that the stringent conditions used here to define the 12 detected QTL ensure reliable associations, but probably fail to capture all the genomic regions that are relevant to bull fertility.

Discussion {#Sec15}
==========

Estimates of heritability and genetic correlations guide the choice of phenotypes for selective breeding. Genetically-correlated phenotypes with a high heritability can increase the rate of genetic gain and lift bull fertility. Our results confirm that PNS and SC are useful indicators of bull fertility and suggest that there is value in adding sperm chromatin and sperm protamine measurements to evaluate bulls, especially for the high-value animals used for artificial insemination. Sperm chromatin and sperm protamine phenotypes are moderately heritable, approximately 20% for DFI in Tropical Composites and for LCB in Brahman. Studies on twins in humans \[[@CR54]\] and in Holstein bulls \[[@CR55]\] corroborate that sperm chromatin phenotypes are heritable. The study in humans investigated 300 men and proposed heritability estimates of 68% and 72% for SCSA measurements \[[@CR37]\]. A microscopy-based method for measuring sperm chromatin fragmentation, performed on 201 Holstein bulls, resulted in estimates of heritability close to 41% \[[@CR38]\]. In short, our results and previous studies confirm that sperm chromatin phenotypes are heritable, and thus, useful indicators of bull fertility for selective breeding. Moreover, correlations between these sperm chromatin traits and the other traits are favourable. For example, DFI3 is negatively correlated with PNS (r^2^ \~ 0.23--0.33), which means that bulls with a higher PNS will have less DNA fragmentation, and will thus be more fertile according to both indicators.

Given the genetic correlations between phenotypes of different groups, it is possible to consider that sperm chromatin phenotypes can be combined with PNS and SC, to form a comprehensive male fertility index. Selection indices that include fertility traits are currently implemented in the dairy industry \[[@CR56]\] and these could be recommended for beef cattle too. An index that benefits from the favourable genetic correlations between traits that describe different aspects of bull fertility is a sensible approach to selective breeding. The clinical use of complementary indicators for male fertility is largely accepted, when deciding on bull fitness for the mating season \[[@CR6], [@CR10], [@CR32]\]. We propose to extend this rationale to create a multi-trait index that captures genetic merit for bull fertility.

The genetic correlations estimated in our study suggest that sperm chromatin fragmentation is linked to protamine deficiency and support the hypothesis that the lack of protamines contributes to sperm chromatin instability and therefore reduced fertility. Since the cause for increased DFI is largely unknown \[[@CR16], [@CR17]\], the reported correlations have important biological implications. One of the proposed causes of increased DFI is an inappropriate sperm chromatin structure related to protamine deficiency \[[@CR18], [@CR19]\]. Phenotypic correlations between sperm chromatin fragmentation and protamine deficiency were previously reported \[[@CR11], [@CR23]\], but here we discovered a genetic correlation between these traits.

First, we discuss the significant QTL on the X chromosome, because they stand out in these GWAS. Using the new reference assembly was important for the X chromosome (ARS-UCD1.2, <https://www.ncbi.nlm.nih.gov/> assembly/GCA_002263795.2) \[[@CR42]\] because it has recently been used to determine the boundaries of the bovine pseudo-autosomal region boundary (PAB) \[[@CR45]\]. The known boundaries of the PAB allowed us to separate the X variants into two categories (pseudoautosomal or hemizygous) for a more accurate imputation of genotypes. No QTL mapped to the X pseudoautosomal region.

The X chromosome is conserved among mammals \[[@CR57]\]. A recent comparison between mouse and human X chromosomes concluded that most of the genes that are not shared between species are highly expressed in testis \[[@CR58]\]. More specifically, these species-divergent genes are expressed in the germ line of testis. Hence, Mueller et al. \[[@CR58]\] suggested that the X chromosome is an interesting part of the genome to look for genes associated with spermatogenesis and male fertility. Our results certainly support their hypothesis, since most of the significant SNPs mapped to the X chromosome. Previous GWAS in dairy cattle also suggested that the X chromosome is important for both semen-quality traits (such as sperm concentration and motility) and bull conception rates \[[@CR59], [@CR60]\]. Together, these GWAS suggest that the X chromosome harbours genes that are relevant for both *Bos indicus* and *Bos taurus* bulls. However, the causative mutations may not be the same in all breeds. It is important to mention the breed-specific QTL in this discussion. The specialization of the X chromosome may continue after species divergence. An example is the QTL for MA, which appears to be unique to *Bos indicus* cattle and might be underpinned by a mutation that is absent in *Bos taurus*. The X-linked causative mutations or candidate genes might be breed-specific and difficult to pinpoint in the reported QTL, some of which span a few Mb.

Previous studies on mice identified a higher proportion of X-linked genes that are specifically expressed in spermatogonia \[[@CR61]\]. Two current theories attempt to explain this accumulation of X-linked genes related to male germ-cell development: sex-chromosome meiotic drive and sexual antagonism. The first theory implies that some genes associated to bull fertility may also be associated with a preferential transmission of the X chromosome to gametes (instead of chromosome Y). The second theory suggests that the significant variants reported here could follow a recessive mode of inheritance, which might benefit bull fertility and not affect female fertility when they exist in the heterozygous state. Thus, according to this theory, the variants that benefit bull fertility would be deleterious to female fertility only when they exist in the homozygous state, and would be "forced" to remain at a non-deleterious frequency (and be mostly heterozygous in females). All of the peak SNPs, which were identified as the most significant markers for each QTL, could follow this "recessive mode" hypothesis because their MAF were relatively low (higher than 0.05 and lower than 0.24). At these frequencies, the alleles would likely be heterozygous in the females of these breeds.

Previous work and the current GWAS suggest that SNP *rs452801659* on the X chromosome could be an important mutation for scrotal circumference and protamine deficiency, especially in Tropical Composites \[[@CR53]\]. However, it is worth noting that, initially, we investigated this SNP because it was predicted to be a missense variant in the *TEX11* gene (testis-specific gene), according to the previous reference genome (UMD3 assembly). In the current assembly (ARS-UCD1.2), this SNP is now an intergenic variant, outside of *TEX11* and may affect other nearby genes.

Considering the QTL that were identified for both breeds, there are two broad regions on chromosome X that harbour SNPs associated with one or another type of sperm morphological abnormality. These abnormalities are genetically and phenotypically correlated traits that may arise from the same problem: defective spermatogenesis \[[@CR19], [@CR32]\]. It is logical that the same gene(s) affect spermatogenesis in both breeds, thus we can prioritize as candidate genes those mapped to these consensus regions in future work.

On BTA2, it is interesting to note that the QTL peak for inhibin level is 54 kb away from the *INHA* gene that encodes inhibin alpha. Two sub-units, alpha and beta, form the inhibin hormone, which is encoded by four genes: *INHA* (chromosome 2), *INHBB* (chromosome 2), *INHBC* (chromosome 5), *INHBE* (chromosome 5), *INHBA* (chromosome 4). In short, significant and suggestive SNP associations could be pointing to genes involved in inhibin level and explain the variance in inhibin hormone level.

On BTA5, the genes *HELB* and *HMGA2* are known candidate genes in Tropical Composites. A missense mutation in *HELB* (*Bos taurus* autosome BTA5: 47,481,804--47,519,482) was associated with SC18 and SC24 in a mixed-breed analysis of bulls that are a sub-set of the same population explored here \[[@CR62]\]. This genomic region was reported to affect climate-adaptation traits in tropical cattle and was related to a signature of selection \[[@CR63], [@CR64]\]. However, when the *HELB* mutation was fitted as a fixed effect, the SNPs in the same region continued to be significant \[[@CR62]\], which suggests that the causative mutation for this QTL might be different and might affect other gene(s). The expression of *HMGA2* distinguishes between different types of post-pubertal testicular germ cell tumours \[[@CR65]\], thus, indicating that *HMGA2* has a role in germ cell proliferation, which could affect testicular development in bulls. *HMGA2* is located within the QTL described for SC24 in our GWAS (gene start 47,819,505 and end 47,966,760 bp). Future work should test mutations in *HMGA2* for their associations with SC.

Brahman SNP associations on BTA11 serve as evidence to propose a QTL involved in sperm chromatin phenotypes, which might be recessive and requires further investigation. Sperm chromatin phenotypes are not routinely measured and the sample size available for this GWAS was small (\~ 500 bulls), which limited the power of our analyses. Still, it is the first time that genetic parameters are estimated and that QTL are proposed for sperm DNA fragmentation in tropical bulls.

Visual scores and assessment of semen quality, such as motility and density, are perhaps more prone to human errors because these measures are more subjective than all the other measured phenotypes, and this could explain the lower heritability observed for these phenotypes and the extremely high correlations between all visual scores. In future studies, ideally, progressive motility should be measured with a purposed-designed software such as computer-assisted sperm analyses \[[@CR66]\]. Future GWAS should look into this option for a more objective measurement of these important semen phenotypes.

Conclusions {#Sec16}
===========

Our investigation of 25 phenotypes in two bovine breeds suggests that X-linked genes are relevant to bull fertility. The X chromosome likely evolved from an autosome and became specialized by accumulating genes and alleles that are linked to spermatogenesis. The results from this study, and previous work, support the idea that X-linked genes have orthologues across mammalian species that affect spermatogenesis and, therefore, male fertility. Furthermore, specialization of the X chromosome may have continued after divergence of *Bos* species, leading to breed-specific QTL. Low-frequency alleles beneficial to the heterozygous sex (XY) could be a consequence of their deleterious impact on female fertility (when inherited in the homozygous state). The causative mutations that underlie the identified QTL remain unresolved and the power of the current GWAS is limited for some traits (smaller numbers of animals). Nonetheless, the traits studied here (including sperm chromatin phenotypes) have a heritable component and could be targeted in selective breeding. Selective breeding for bull fertility could benefit from genomic models that include the X chromosome QTL.
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**Additional file 1: Table S1.** Statistical power to detect the genetic variance of bull fertility phenotypes. Statistical power analyses for detecting the genetic variance with the genomic relationship matrices models used are provided for each measured phenotype, within each breed.**Additional file 2.** Additional methods and results. This additional file includes details on the SPDA and SCSA methods, on the studied populations and their structure, and results for the GWAS performed. For further analyses on the structure of the Brahman population, we refer to the principal component analyses previously published \[[@CR48]\]. The variance component model that underpins the software used accounts for sample structure in genome-wide association studies \[[@CR67]\].**Additional file 3: Table S2.** Estimates for SNP associations in Brahman bulls. Link to download all GWAS results (Brahman) https://doi.org/10.25919/5e670b1621b21.**Additional file 4: Table S3.** Estimates for SNP associations in Tropical Composite bulls. Link to download all GWAS results (Tropical Composites) https://doi.org/10.25919/5e670b1621b21.**Additional file 5: Figure S1.** Genetic correlations for 25 bull-fertility phenotypes in Brahman (above diagonal) and Tropical Composites (below diagonal). Genetic correlations were estimated using genomics and pairwise analyses for all traits, within breed. **Figure S2.** Manhattan plot for the analyses in each of the two breeds: SNP associations for the percentage of normal sperm (PNS). This figure provides a visual for the results of the genome-wide association studies in each breed, for PNS. **Figure S3.** Manhattan plot for the analyses in each of the two breeds: SNP associations for the percentage of sperm with head abnormalities (HA). This figure provides a visual for the results of the genome-wide association studies in each breed, for HA. **Figure S4.** Manhattan plot for the analyses in each of the two breeds: SNP associations for the percentage of sperm with mid-piece abnormalities (MA). This figure provides a visual for the results of the genome-wide association studies in each breed, for MA. **Figure S5.** Manhattan plot for the analyses in each of the two breeds: SNP associations for inhibin hormone levels (INH). This figure provides a visual for the results of the genome-wide association studies in each breed, for INH. **Figure S6.** Manhattan plot for the analyses in each of the two breeds: SNP associations for the DNA fragmentation index (DFI3). This figure provides a visual for the results of the genome-wide association studies in each breed, for DFI3. **Figure S7.** Manhattan plot for the analyses in each of the two breeds: SNP associations for the DNA fragmentation index measured with an alternative cytometry method (DFI4, see Methods for phenotype details). This figure provides a visual for the results of the genome-wide association studies in each breed, for DFI4. **Figure S8.** Manhattan plot for the analyses in each of the two breeds: SNP associations for the percentage of sperm with proximal droplets (PD). This figure provides a visual for the results of the genome-wide association studies in each breed, for PD. **Figure S9.** Manhattan plot for the analyses in each of the two breeds: SNP associations for the percentage of sperm with total droplets (TD), which seem specific to Tropical Composites. This figure provides a visual for the results of the genome-wide association studies in each breed, for TD. **Figure S10.** Manhattan plot for the analyses in each of the two breeds: SNP associations for scrotal circumference measured at about 24 months of age (SC24). This figure provides a visual for the results of the genome-wide association studies in each breed, for SC24. **Figure S11.** Manhattan plot for the additive (top) model and the recessive (bottom) model: SNP associations on chromosome 11 for DNA fragmentation index (DFI3) in Brahman. This figure provides a visual for the results in chromosome 11 of the SNP associations in Brahman for DFI3 using alternative models to compare the additive model with a recessive model.
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